The effects of hyperkalemia on the inotropic properties of digoxin were studied in anesthetized mongrel dogs. With preload, afterload and heart rate maintained constant in dogs who received atropine and practolol to block cardiac reflexes, 0.08 mg/kg digoxin increased the first derivative of the left ventricular pressure curve (LV dp/ dt) 53.1 + 8.3% (SEM) in normokalemic animals but only 9.5 2.5% in hyperkalemic animals at 60 min. This decrease in the inotropic effects of digoxin by hyperkalemia was accompanied by significant decreases in both total left ventricular digoxin concentration and microsomal-bound digoxin. (Na +,K + ) -ATPase was inhibited 43.3 + 2.4% in normokalemic animals but only 27.4 + 2.5% in hyperkalemic animals (P < 0.01), while (Mg + )-ATPase levels were similar in normokalemia and hyperkalemia. In animals not given digoxin, hyperkalemia had no effect on either LV dp/dt or (Na+,K+ )-ATPase. There was a good correlation between the positive inotropic effects of digoxin and percent inhibition of (Na + ,K + ) -
binding to (Na +,K+ ) -ATPase and inhibition of this enzyme. Besch et al. 5 and Akera, Larsen and Brody6 have recently presented evidence that membranebound (Na+,K+ )-ATPase is a specific receptor site for the cardiac glycosides, based on the observation that there is a close temporal relationship between inhibition of this enzyme and inotropy. Further support for this hypothesis would be provided if it could be shown that potassium inhibits the binding of digoxin to (Na +,K + ) -ATPase in vivo, and at the same time alters both the inotropic effects of digoxin and its inhibition of (Na+,K+ )-ATPase. Accordingly, the present study was designed to determine in normokalemic and hypokalemic animals, first, the relationship between the inotropic effects of digoxin and (Na+,K+ )-ATPase inhibition, and second, the relationship between inhibition of (Na + ,K + ) -ATPase activity and microsomal-bound digoxin concentration. In addition, since Halloran and Evans7 have shown that in the normal heart C8rcuilalaioin, Volume XLVIII, October 1973 reflex withdrawal of sympathetic tone may mask the positive inotropic effects of digitalis, we studied the effects of hyperkalemia on the inotropic properties of digoxin in animals with both betaadrenergic and parasympathetic blockade, and compared these results with those obtained in a previous study from this laboratory in which no blocking agents were used.1 Methods Mongrel dogs weighing 10.9-22.8 kg were premedicated with morphine sulfate, 2 mg/kg, intramuscularly, then anesthetized with chloralose, 85 mg/kg, and urethane, 625 mg/kg, given intravenously. The animals were intubated with a cuffed endotracheal tube and ventilated with a Harvard respirator, using room air. Arterial blood samples were analyzed frequently with a model AME- 7 .0, and again centrifuged at 100,000 xg for 60 min. The resulting pellet was resuspended in 8.5 ml of solution B; 8.5 ml of 2.0 M LiBr was added, and the mixture stirred slowly for 30 min. Following centrifugation at 100,000 xg for 30 min, the final pellet was suspended in 5-7 ml of solution C (solution B without DTT) and stored frozen at -20°C until assayed. This pellet fracton is hereafter referred to as the microsomal fraction. This fraction contains (Na + ,K + ) -ATPase activity.
The final enzyme-assay mixture was 1.0 ml containing 50 mM Tris HCI buffer (pH 7.4), 100 mM NaCI, 15 mM KCI, 5 mM MgC12, 50-70 jug enzyme protein, and 5 mM Tris-ATP. Similar tubes lacking NaCl and KC1 were assayed for Mg + +-dependent ATPase activity, and tubes lacking enzyme were assayed for nonenzymatic hydrolysis of ATP. All assays were performed in duplicate. The reaction was begun by adding the Tris-ATP. After incubation for 15 min at 370C, the reaction was terminated by addition of 1.5 ml of freshly diluted 8 Left ventricular dp/dt is shown in table 1. No significant change in left ventricular dp/dt was seen in animals not given digoxin, while in animals administered digoxin, significant increases in left ventricular dp/dt were observed at all time periods studied. The percentage change in left ventricular dp/dt in animals given digoxin is illustrated in in the left ventricular dp/dt responses of normokalemic and hyperkalemic animals to digoxin were statistically significant at all time periods studied (P<0.01). Percentage change in left ventricular dp/dt in normokalemic and hyperkalemic dogs given 0.08 mg/kg digoxin. Mean ± SEM changes in left ventricular dp/dt are shown for both groups of animals before and after digoxin administration. In. this and aU other figures, each mean is from 6 animals. In hyperkalemic animals, 1 cc of 10% CaCl2 increased left ventricular dp/dt 87.9 + 12.7%, while in normokalemic animals, CaCl2 increased left ventricular dp/dt 76.4 + 2.3%. The difference in the response between normokalemic and hyperkalemic animals is not statistically significant. Figure 2 shows left ventricular digoxin concentrations. In normokalemic animals, left ventricular digoxin concentration was 316.7 + 13.3 ng/ gm tissue, while in hyperkalemic animals, left ventricular digoxin concentration was 243.0 + 10.9 ng/ gm tissue (P < 0.01).
Biochemical Results
Microsomal-bound digoxin concentration is shown in figure 3 . In hyperkalemic animals, microsomalbound digoxin concentration was 20.4 + 2.1 ng/mg protein, while in normokalemic animals, microsomal-bound digoxin was 29.1 ± 3.0 ng/mg protein (P < 0.025).
Serum digoxin levels are presented in figure 4 . Serum digoxin levels were slightly higher in hyperkalemic than normokalemic animals. The differences between the two groups were significant onlyat20and30min (P<0.05). Serum digoxin levels in normokalemic and hyperkalemic animals. Each value represents the mean SEM of 6 animals. At 20 and 30 minutes hyperkalemic animals had significantly higher serum digoxin levels than normokalemic animals.
groups is significant (P < 0.01). (Mg + + ) -ATPase levels were similar in normokalemic and hyperkalemic animals given digoxin. Figure 7 shows the correlation between the positive inotropic effects of digoxin and the percent inhibition of (Na+,K+)-ATPase in normokalemic and hyperkalemic animals. There was a significant correlation between the inotropic effects of digoxin and (Na + ,K + ) -ATPase inhibition, r 0.73 (P < 0.01). Figure 8 shows the correlation between (Na+,K+ )-ATPase inhibition and microsomalbound digoxin. The correlation coefficient was rr=0.63, which is significantly different from zero (P <0.05).
In all animals, arterial pH was maintained between 7.30 and 7.50 by varying the respiratory rate or volume. In animals given a KCI infusion, serum potassium was maintained well above 5.0 mEq/L. Composite data for all experiments filed with the National Library of Medicine, Bethesda, Maryland.
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Discussion
In order to study the inotropic effects of digoxin, we measured changes in left ventricular dp/dt in normokalemic and hyperkalemic animals in which other determinants of myocardial contractility, such as heart rate, left atrial mean pressure (preload), aortic mean pressure (afterload) and sympathetic tone were maintained constant.1"-4 Since hyperkalemia itself did not alter myocardial contractility in animals not given digoxin, the positive inotropic effects seen after digoxin administration were attributed to the digoxin.
In normokalemic animals, digoxin had a significantly greater inotropic effect than in hyperkalemic animals. This greater inotropic effect was associated with increased microsomal-bound digoxin and a more pronounced inhibition of (Na+,K+)-ATPase activity. Since hyperkalemia itself did not alter contractility or (Na+ ,K+ ) -ATPase activity in control animals ( fig. 5) Correlation between the change in left ventricular dp/dt and the percent inhibition of (Na +,K +)-ATPase for normokalemic and hyperkalemic animals after digoxin administration. Each point represents the change in left ventricular dp/dt at 60 min after digoxin administration and the percent inhibition of (Na + Although the present investigation has focused on the interaction of potassium and digoxin with membrane-bound (Na+,K+ )-ATPase, potassium may be involved at other sites in the myocardial cell and thereby alter the pharmacologic properties of digoxin.20' 21 However, Schwartz, Allen and Harigaya22 found that H3-digoxin and H3-ouabain did not affect or bind to two other cardiac organelles:
cardiac relaxing system vesicles and mitochondnia.
The binding of H3-ouabain to (Na+,K+)-ATPase was, however, related to the inhibitory effect of ouabain on (Na +,K+ ) -ATPase, suggesting that the effect of glycosides on (Na+,K+ )-ATPase is a specific rather than a nonspecific effect. Repke23 has also provided important information on the specificity of (Na+,K+)-ATPase as a digitalis receptor. He showed that only cardioactive glycosides inhibit (Na+,K+ )-ATPase, while inactive glycosides had no effect on (Na+,K+ )-ATPase.
Recently, Halloran and Evans7 showed that in the normal heart reflex withdrawal of sympathetic tone may modify the inotropic effects of the cardiac glycosides in normal and hypercarbic animals. Our present study supports this conclusion for hyperkalemic animals as well. In a previous study from this laboratory,' hyperkalemic animals with an intact autonomic nervous system showed no inotropic effect after the administration of 0.08 mg/kg digoxin, whereas in the present study, left ventricular dp/dt was significantly increased by digoxin at all time intervals studied. In normokalemic animals a similar trend was observed. nonblocked animals, left ventricular dp/dt increased 25.6 + 9.9%, while in animals that received atropine and practolol, left ventricular dp/dt increased 39.6 ± 1.9%. At 60 min in nonblocked animals, left ventricular dp/dt increased 30.7 + 8.7%, while in animals with autonomic blockade, left ventricular dp/dt increased 53.1 ± 8.2%. The difference in response to digoxin between blocked and nonblocked animals is statistically significant for hyperkalemic animals at 30 and 60 min (P < 0.01), but for normokalemic animals only at 60 min (P < 0.05).
